We have developed a new process for applying a hydrophobic, low adhesion energy coating to microelectromechanical (MEMS) devices. Monolayer films are synthesized from tridecafluoro-1 ,1,2,2-tetrahydrooctyltrichlorosilane (FOTS) and water vapor in a low-pressure chemical vapor deposition process at room temperature. Film thickness is self-limiting by virtue of the inability of precursors to stick to h e fluorocarbon surface of the film once it has formed. We have measured film densities of -3 molecules nm2 and film thickness of -I nm. Films are hydrophobic. lvirh n water contact angle >llOo. We have also incorporated an in-situ downstream microwave plasma cleaning process, which provides a clean. reproducible oxide surface prior to film deposition. Adhesion tests on coated and uncoated lMEMS test structures demonstrate superior performance of the FOTS coatings. Cleaned, uncoated cantilever beam structures exhibit high adhesion energies in a high humidity environment. -Ln adhesion energy of 100 mJ m-' is observed after exposure to >90% relative humidity.
Introduction
Adhesion of moving parts is one of the more difficult problems to overcome in fabrication of microelectromechanical systems (MEMS) 1. Mechanical structures fabricated from polycrystalline silicon inevitably oxidize to leave a high surface energy, hydrophilic surface. After etching of sacrificial oxide layers to release the mechanical parts, surface tension of aqueous etchants pulls parts together during the drying process.
Upon contacting each other, hydrogen bonding between surface hydroxyl groups leads to large adhesive energies. In a high humidity ambient, this problem is exacerbated by adsorption and reaction of water with the surface and capillary condensation, effectively gluing parts together.
Various approaches have been investigated to prevent or alleviate this problem.
Textured surfaces2 with small effective contact area minimize the total adhesive energy.
while supercritical CO? drying3 or sublimation drying-' processes avoid the capillary forces leading to contact during fabrication. Low surface energy, hydrophobic coatings applied to mechanical parts have been employedj-7 to discourage adhesion both during fabrication and in use, should contact occur. In this paper we address this last approach.
Hydrocarbon and fluorocarbon materials are well known for their low surface energies and hydrophobic nature. Most coating processes for MEMS devices aim to produce a thin surface layer bound to the oxidized Si and present a dense hydrocarbon or fluorocarbon surface to the environment1-j-7. The most common surface modification scheme for oxidized Si surfaces is reaction of alkylchlorosilanes with water and/or surface hydroxyl groups to form a thin alkylsilane film in a solution-based processs. In .general, the cldorosilane molecules react with water to form silanols, which then -Adhesion 11/29/99 condense to form .siloxane polymer with the elimination of water. The condensation reaction can also occur with hydroxyl groups bound to the oxide surface, yielding a Si-0-Si bond, anchoring the film to the surface. The pendant alkyl groups can alsa play a role in film formationg~10. Long-chain hydrocarbon groups ( X 1 2 ) interact via van der Waals forces to form a two-dimensionally ordered self-assembled layer, while shorter chain alkyl groups and fluorinated alkyl groups do not tend to form ordered two-dimensional structures. While these films have found widespread use in MEMS technology and elsewhere, their structure and properties are not well characterized. In particular. the extent of bonding to the surface11-13, crosslinking14, and orderinglj-'7 of alkylsilanes are topics of considerable discussion in the literature.
Solutionlbased coating processes for alkylsilane films depend on teniperatureg,1S2 availability of water19. nature of the solvent19 and concentrations of chorosilane and silanol species in solution'o. Implementation of a solution-based coating process into MEMS technology has been problematic due to a lack of understanding of this process, and apparently narrow process windows.
Vapor phase coating processes using volatile fluorinated alkylsilanes have also been reported21-'3. Vapor phase processes offer a number of distinct advantages compared to solution-based processes. One can avoid problems associated with solutionbased coating, including incomplete wetting of high aspect ratio structures2 diffusion limited transport of reagents into confined areas. control of minute quantities of dissolved water in nonaqueous solvents, uncertain reaction kinetics of chlorosilanes in solution, micelle formation, and disposal of organic solvent waste. Vapor phase processes provide -efficient transport into high-aspect ratio structures, good control of reagent supply. have I I I no solvent waste, and allow convenient, in-situ cleaning and preparation of surfaces immediately prior to deposition.
We have developed a low pressure, vapor-phase method for coating MEMS devices with a hydrophobic fluorocarbon film, which realizes many of the advantages listed above. In this process we use a volatile fluoroalkylsilane as precursor for a chemical vapor deposition (CVD) process. In a vacuum chamber, controlled amounts of silane precursor and water vapor react on the surface of the sample to form silanols, with a fluoroalkyl side chain to provide a hydrophobic. low en2rgy surface. This CVD process does require that mechanical parts be released and dried prior to introduction to the deposition chamber, so that sacrificial oxide etching must be followed by a supercritical COz or sublimation drying procedure to produced fi-ee, released parts.
In this paper we outline the coating process and reactor. details of an in-situ plasma cleaning process we have incorporated, in-situ ellipsometric and quartz crystal microbalance measurements of the film deposition. characterization of the f i l m by contact angle measurements and atomic force microscopy. and adhesion measurements using a cantilever beam test structure. Monolayer films ,orown by this method are shown to be dense, continuous, possess low adhesion energies. and are robust toward degradation in high humidity environments.
Experimental
The chemical vapor deposition apparatus is shown schematically in quartz flow tube, which can be used to excite a gas for cleaning substrates prior to the film coating. Cleaning is accomplished using a discharge in 0.1 -0.5 torr 0 2 or H20 vapor, at 20-30 W forward power using 2.54 GHz excitation. The wafer susceptor contains a resistive heater, which allows heating to >4OO0C. Strain-free quartz windows oriented at 70' from the surface normal are also incorporated for in-situ ellipsometric measurements of the sample during processing.
The fluoroalkylsilane precursor used in this study is tridecafluoro-1 . We measure adhesion using the cantilever beam adhesion test device and procedure described previous1y'"'j.
The test device is mounted in an environmental chamber on an interference microscope stage. Long (1 000 -3000 pm) cantilever beams of polycrystalline Si are brought into contact with a polycrystalline Si landing pad by electrostatic actuation. The beam and landing pad are both connected to ground so that no potential difference exists between them. An actuation voltage is applied to a small pad located near the support post of the beams to bring the beam into contact with the landing pad. After the actuation voltage is remolred, the restoring force of the beam acts to pull the beam away from the landing pad. This is opposed by the adhesive force of the interface of the beam with the landing pad. The result is that beams are adhered over a length such that the adhesion energy and strain energy in the beam are in equilibrium. We measure the beam deflection using the fringe pattern in the interference microscope.
Through a fracture mechanics analysis, the adhesive energy of the contact can be We obtain similar results for cleaning in 0 2 discharges. Although these results are for flat surfaces with line-of-sight exposure to the discharge flux. moleculai flon-conditions ensure that the underside of cantilever structures and confined areas of high aspect ratio structures also receive sufficient reactive flux to remove organic contaminants. Test measurements on cantilever beam structures confirm this. This cleaning process then provides us with a reproducible? hydrophilic surface on which to deposit the fluoroalkylsilane\film. We should also note that the 0 2 or H20 discharge is also quite effective at removing fluorocarbon films deposited by the process described below.
B. Film Deposition
The film coating process begins by closing the pumping valve and introducing Moreover, this layer is not tightly bound to the surface. and will desorb upon pumping away the FOTS precursor, as shown in Figure 3 . It is often assumed that chlorosilanes will react with surface hydroxyl groups to form covalent linkages to the surface.
However, Klaus and coworkers28 have found that surface hydroxyl groups react with gaseous chlorosilanes only at high temperature and very high doses of the chlorosilane.
Substantial desorption of the FOTS precursor suggests that rapid reaction with surface hydroxyl groups does not occur at room temperature. A stable film is formed only after introduction of water vapor, shown in Figure 4 . The reaction reaches a limiting film thickness of approx. 1 nm after approx. 15 minutes exposure to the mixed precursors.
Repeated cycles of FOTS and H20 exposure result in only minor additional film growth.
A fully dense FOTS film with extended alkyl chains should have a'thickness of approx.
1.2 nm, so it appears that the limiting thickness of FOTS film formed in this process cogesponds to a reasonably well packed monolayer film. We believe the self-limiting behavior is caused by the inability of the precursor molecules to stick to thelluoroalkylterminated surface, limiting film growth to one molecular layer. available from QCM measurements. Figure 5 shows the change in QCM frequency observed during a similar deposition cycle of FOTS and FOTS + H20 at room temperature. (Both QCM and SE measurements could not be made on the same sample because of the surface roughness of the polycrystalline Si film on the QCM sample.) The sknsitivity of the QCM is 17.7 ng cm-2 Hz-'. Assuming the FOTS reacts on the surface to replace C1 atoms with OH, this measurement gives an upper limit for the surface density of 2.8 x 1014 molecules cm-' after a single cycle of FOTS + H20 exposure. Considering the van der Waals radius of the fluorocarbon pendant group2g-~0, the maximum packing density is 3-4 x 10''' cm-'. The QCM measurement then indicates that the film is quite well packed, and the measured surface density is consistent with the estimated film thickness determined from the ellipsometric measurements.
Of course these measurements give us no indication of ordering or structure of the film, or the extent of condensation to forin siloxane linkages in the film. We note that Hoffman et al" observed an increase in tilt angle of the fluoroalkyl chain n-ith respect to the surface with increasing packing density for a mono-functional fluoroalkylsilane deposited from the gas phase. Stevens'" has also noted that ordered alkylsilane films are sterically hindered from forming siloxane crosslinks between one another. From our measurement of high packing density in these films combined with these previous observations, we expect that our films consist primarily of silanol molecules. not chemically bound to the surface nor crosslinked to each other, with the fluoroalkyl chains pointing out .from the surface. 
C. Adhesive Properties
Adhesive properties of surfaces coated by these films have been measured using the cantilever beam adhesion test structure described earlier. Adhesion of coated and cleaned, but uncoated, beams was measured at aqbient humidity levels of 5% -95% relative humidity (RH) at room temperature. For this test an array of beams between 1000 and 2000 pm in length were brought into contact to a crack length of approx. 500 pm by application of 100 V bias to the actuation electrode. Upon removins the actuation bias, we measure the crack length for the adhered beams to extract the adhesion energy according to equation 1. This procedure was repeated at increasing humidin-levels over a period of three days. water uptake, and increasedadhesion as the film degrades".
Film degradation at high humidity is thought to be due to defects in the film.
-.
exposing small areas of hydrophilic substrate, allowing water adsorption and condensation2'. We see no evidence for this type of degradation in the CVD deposited
films. An AFM image of a FOTS coated sample exposed to >90% RH for > :
hr. is shown in Figure 1 1. There is no evidence for gross degradation of the film. comparable to that observed for solution coated parts, although there may be an increase in small particulates on the exposed sample shown in Figure 1 After exposure at 5% RH. All beams are free. b) Xfier exposure to 95% RH for 17 lu-.
The beams indicated by arrows are adhered to the pad at a crack length of700-1000 -pn.
All others are either free or stuck only at their tips t 5
0
Figzire 11. Atomic force microscope image of an FOTS-coated sample after exposure to 95% RH at room temperature for >24 hr.
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